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thanks to the high spatial resolution and to the possibility of in vivo tissue characterization. Although not included in the current guidelines for SCD prediction, a consistent body of literature is growing supporting the incremental value of CMR for arrhythmic risk assessment.
The aim of the present review is to provide a summary of the potential advantages of CMR evaluation in the challenging setting of arrhythmic stratification.
tradItIonal Parameters In PrognostIc stratIfIcatIon for sudden cardIac death LVEF is the most commonly used parameter to evaluate LV systolic function [5] and the widest used predictor of long-term outcome. [6] The risk of cardiovascular events increases with the progressive decline in LVEF. [6] The latest HF classification [4] distinguishes three categories based on LVEF (preserved EF [HFpEF], midrange EF [HFmrEF] , and reduced EF [HFrEF]) and current guidelines for SCD [7] recommend LVEF and New York Heart Association (NYHA) functional class as main criteria for arrhythmic stratification. However, these two parameters suffer from intrinsic limitations (i.e., NYHA class is a highly variable and subjective index) and novel tools, tailored on the specific patient rather than on study populations, are required on the path toward precision medicine.
The vast majority of contemporary understanding in arrhythmic stratification derives from the setting of HFrEF. In this group, ICD implantation for primary prevention could be considered in the presence of LVEF ≤35% despite ≥3 months of optimal medical therapy, but a distinction should be made between IHD and NICM. [4] Although patients with above-mentioned characteristics and chronic IHD could be eligible for ICD therapy (Level of evidence I, Class A), device implantation should be delayed by 40 days from myocardial infarction (MI) as no improvement in prognosis has been demonstrated before that time. However, the incidence of major arrhythmic events is greatest in the early post-MI phase and patients could benefit from ICD therapy during this period. In addition, patients with NICM could receive device implantation despite with lower class of recommendation (Level of evidence I, Class B). [4] As NICMs are an heterogeneous population including cardiac diseases characterized by different intrinsic arrhythmic risk, the efficacy of ICD therapy for SCD prevention could be underestimated if evaluated in unselected populations of NICMs, regardless of the specific etiology (i.e., cardiac sarcoidosis vs. hypertensive cardiomyopathy), as demonstrated in the DANISH trial. [8] HFmrEF, defined as LVEF in the range of 40%-49%, represents a "gray area," dynamic in nature, comprising patients previously diagnosed with HFrEF and HFpEF. Patients with HFrEF receiving evidence-based medical and device therapy can improve LVEF and be reclassified as HFmrEF. The same considerations hold true for patients with HFpEF experiencing MI or other progressive cardiac diseases with a decline in LVEF.
Transition from HFrEF to HFmrEF category is reasonably associated with a better prognosis compared to persistent HFrEF category, but LVEF could further decline over time. As recently reported, patients with dilated cardiomyopathy (DCM) and HFmrEF represent a subgroup diagnosed at an earlier stage of disease. Although having an apparent better long-term evolution, about 17% of these patients develop HFrEF despite medical therapy. [9] Finally, HFpEF represents up to 50% of HF patients. [10] Most of them would not be candidates for ICD implantation based on above-mentioned recommendations, [4] despite SCD has been estimated to be a frequent cause of death in this population (about 25% of all deaths). [11] In the Oregon Sudden Unexpected Death Study, among individuals who experienced cardiac arrest, 65% of patients would not have qualified for a primary prevention ICD therapy. [12] As for NICM, HFpEF includes a wide spectrum of cardiac diseases, in which estimation of SCD risk is particularly challenging both for the extreme phenotypic variability of patients and the significant amount of noncardiovascular deaths. [13] Hypertrophic cardiomyopathy (HCM), HCM phenocopies, cardiac amyloidosis, and constrictive pericarditis could have normal LVEF at presentation but still carry different arrhythmic risks. Considering these cardiac diseases as a single entity based on similar LVEF can only result in unsuccessful risk assessment.
These findings questioned the traditional concept of LVEF as an accurate prognostic parameter, [14] suggesting the need of individualized patient-tailored strategies for risk assessment, relying on other variables (i.e., etiologic characterization) beside LVEF. In this field, CMR could be a pivotal tool, providing not only a more accurate quantification of LVEF, frequently overestimated by echocardiography, [15] but also noninvasive tissue characterization. [16] This imaging technique should be part of the comprehensive evaluation for arrhythmic stratification in different clinical scenarios (i.e., HCM, NICM, arrhythmogenic right ventricular cardiomyopathy [ARVC], IHD). Moreover, CMR parameters could improve the accuracy of current strategies for SCD prediction when considered in combination with available multiparametric scores, as in the case of HCM and ARVC.
cardIac magnetIc resonance: new InsIghts Into cardIac muscle Beyond left VentrIcular ejectIon fractIon
CMR provides the most comprehensive cardiac evaluation, including chamber size quantification, ventricular function and mass, myocardial wall thicknesses, segmental function, and identification of anomalous coronary arteries. [17] The ability to obtain images in all plane directions, good temporal and spatial resolution, reliable endocardial border detection, and the independency of geometrical assumptions for the quantification of volumes and systolic function of both ventricles are the main advantages of this methodic compared to other imaging modalities. [18] CMR represents a valuable technique providing in vivo tissue characterization and identification of the arrhythmic substrate. Gadolinium-based contrast agents allow detection and quantification of the presence, location, size, and pattern of myocardial fibrosis.
Late gadolinium enhancement
Gadolinium is an extracellular agent that reveals the presence of fibrosis in the myocardium, which is considered an arrhythmic substrate and the final pathway of irreversible cardiac injury. [19] In recent years, late gadolinium enhancement (LGE) is emerging as a crucial parameter in arrhythmic stratification. The presence of LGE provides relevant diagnostic (IHD vs. NICM) and prognostic information aiding clinicians identify the best candidates for ICD implantation in primary prevention.
In a recent meta-analysis on the value of LGE in a population of 2850 patients with IHD and NICM, [20] the presence of LGE was a powerful predictor of life-threatening ventricular arrhythmias. LGE-positive patients met the composite arrhythmic endpoint (SCD, aborted SCD, VT/VF, appropriate ICD therapy) more frequently than LGE-negative patients (23.9% vs. 4.9%, respectively). Even when dealing with NICMs exclusively, LGE positivity proved to identify patients at increased overall mortality, HF hospitalization, and SCD/aborted SCD. [21] In this population, LGE has been demonstrated to add incremental value for prediction of major arrhythmic events not only in both LVEF >35% [22] and LVEF <35%. [23] Nevertheless, the additional value of LGE quantification for risk assessment is still debated. LGE semi-quantitatively estimates the amount of irreversible myocardial damage, which is likely to be relevant for patients survival. [24] However, methods for LGE quantification are not standardized and suffer from high intra-and inter-observer variability. The potential correlation between the amount of scar and arrhythmic risk has been investigated with conflicting results. LGE extension was found to confer a significant increase in arrhythmic risk when exceeding 5% of LV volume [25] or even at lower percentages. [26] However, more studies are needed to derive solid information in this field.
LGE location is an additional feature to consider for SCD risk estimation. Specific LGE locations (anterior and septal) has been demonstrated to predict fatal and nonfatal arrhythmic events in specific NICMs, [22, 27] but this parameter should complement other prognostic indexes to improve SCD stratification.
Furthermore, the potential value of the area surrounding LGE, namely "border zone," for SCD stratification has been investigated. It includes viable and nonviable myocytes separated by fibrotic tissue of the scar region. [28] The border zone mass is involved in the development of arrhythmias [29] and was demonstrated to predict VT inducibility on electrophysiological study (EPS), [30] appropriate ICD therapy, [31] and mortality. [32] Quantification of border zones could be included in arrhythmic stratification workup, but more studies and a consensus on the methodology of quantification are required. [33] Although being very informative, LGE identification suffers from several limitations. Despite common assumptions, it seems a dynamic parameter with regard to several settings. The expansion of the extracellular volume (ECV) occurring early after cardiac injuries (i.e., myocytes necrosis and inflammation) leads to increased volume of gadolinium distribution, contrast agent local concentration, and therefore, hyperenhancement. At this stage, LGE reflects not only the presence of fibrosis but also the expansion of the interstitium. Moving away from the acute phase, cardiac inflammation regresses along with tissue edema and leukocytes infiltration, [34] and LGE matches more accurately cardiac fibrosis. Probably, with time, LGE reliably identifies myocardial scar as long as novel cardiac damages do not occur. In addition, LGE shows high diagnostic accuracy in case of localized cardiac phenomena. However, it may fail to detect cardiac fibrosis in the presence of diffuse heart muscle involvement [ Figure 1 ].
Mapping techniques and extracellular volume
T1 and T2 mapping use a quantitative approach to assess cardiac tissue and reflect the magnetic properties of cardiac muscle based on its composition. [35] T1 and T2 mapping involve pixel-wise measurements of absolute T1 relaxation times on a quantitative map. T1 mapping depicts diffuse fibrosis in both IHD [36] and NICM. [37] Recently, impaired T1 mapping emerged as independent predictor of appropriate ICD therapy or sustained VT in patients with IHD and NICM at a follow-up of 425 days. [38] In IHD, infarct core native T1 was found to inversely correlate with endpoints associated with arrhythmic risk as ventricular adverse remodeling, all-cause mortality, and HF hospitalization. [39] T2-weighted sequences detect myocardial edema and aid clinicians characterizing acute phenomena (i.e., myocarditis). Traditional T2-weighted images have low signal-to-noise ratios and suffer from regions of signal inhomogeneities where edema could be more difficult to detect. [40] Conversely, T2 mapping allows direct measurement of myocardial T2 relaxation time providing quantification of phenomena. Robust data on T2 mapping for arrhythmic risk stratification are lacking, partially because this technique is currently limited by several technical issues and nonstandardized among different centers. However, initial evidence suggest the potential role of abnormal T2 mapping in predicting major adverse events including cardiac death, cardiac transplantation, and ventricular assist device implantation. [41] Postcontrast T1 mapping techniques combined with native T1 and the patient's hematocrit allow to estimate ECV fraction, [42] a direct measurement of the myocardial interstitium. As many cardiac injuries cause myocardial fibrosis and abnormal substrate deposition into the extracellular space, an increased ECV fraction represents a marker of pathologic processes [43] and could add prognostic information across a wide range of cardiac diseases. [44, 45] Being able to detect milder but global processes as widespread edema and fibrosis, [46] ECV could complement LGE evaluation as additional index. Myocardial fibrosis quantification by ECV was reported to be associated with hospitalization for HF and death. [41] Similar to T2 mapping, the potential role of ECV in SCD stratification requires more studies to be evaluated.
Unfortunately, these techniques suffer from major technical limitations that restrict their use in everyday clinical practice, precluding their reproducibility among different centers. Acquisition and processing of parametric maps require several technical steps that could be performed with variable methodologies, each one with different intrinsic risks of error in the final measurements. In particular, different sequences are available to perform T1 and T2 mapping and a consensus is needed to define the reference sequence to be used.
Deformation imaging
Deformation imaging is a novel, promising technique for cardiac function evaluation. [47] Global longitudinal strain (GLS) is the most studied parameter and initial evidence suggest its incremental value for diagnosis and prognostic stratification. GLS was reported to predict cardiac death, heart transplantation, and aborted SCD in DCM, with values ≥12.5% predicting the outcome even in patients with LVEF <35% or LGE positivity. [48] In a recent multicenter study on ischemic and nonischemic DCM, each 1% worsening in GLS conferred 89.1% increase in risk of death after adjustment for multiple risk factors, including LVEF and LGE. [49] Beside GLS, global circumferential strain was recently shown to predict LV reverse remodeling in patients with newly diagnosed nonischemic DCM. [50] "In conclusion, recent evidence supports the use of GLS as additional prognostic parameter to complement LVEF and LGE assessment. Despite encouraging results, more multicenter studies investigating several strain subtypes are needed for routine use of this technique in clinical practice."
Limitation of cardiac magnetic resonance
CMR evaluation is not currently recommended in official guidelines as the first-line examination to support ICD implantation. Despite being a very informative imaging technique, several limitations exist, such as high costs, poor image quality in the presence of arrhythmias, and prior implantation of CMR noncompatible devices. Moreover, CMR requires a time-consuming learning curve to be mastered. Impaired renal function represents a relative contraindication for gadolinium contrast-agents administration, especially in the presence of severely reduced glomerular filtration rate. Native T1 and T2 provide a direct tissue characterization without administration of contrast agents but present high variability and scarce reproducibility among different centers.
The limited accessibility of CMR represents a critical issue restricting its routine use, especially in the acute phases, where echocardiography represents the first-line imaging tool. However, CMR is gaining more and more value in clinical conclusIon Despite progresses in pharmacological and electrical therapies, SCD remains a relevant issue. LVEF and NYHA class are the widest used parameters to stratify the arrhythmic risk and current guidelines for primary prevention largely rely on it. However, they proved to be quite inadequate for SCD prediction. Indeed, arrhythmic risk assessment should be tailored on the single patient on the road to precision medicine.
Providing comprehensive assessment of heart function and in vivo tissue characterization, CMR significantly improves the identification of patients at high SCD risk. Cardiac fibrosis represents the most important arrhythmic substrate, providing genesis and perpetuation of life-threatening arrhythmias. Along with LGE, initial evidence suggests an incremental prognostic value of mapping techniques and ECV quantification, but significant technical limitations at the actual state-of-art restrict their use in current clinical practice. Furthermore, the use of CMR parameters to guide ICD implantation needs to be tested in large randomized clinical trials.
A multiparametric approach, including critical clinical thinking and the integrated use of different imaging and nonimaging techniques, will allow identification of at-risk patients in whom ICD implantation may be most beneficial.
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